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ABSTRACT
This paper deals with the movement of water in a natural unsaturated zone, focusing on infiltration-redistribution system. 
Infiltration refers to the downward movement of water due to the gravitational force and redistribution defines the upward 
movement of water due to the capillary rise. Under natural conditions, the movement of water through an infiltration-
redistribution depended upon the relations among water content, hydraulic conductivity and tension of soil pore. Various 
combinations of water balance concepts, Richards’ equation, soil-physics theory and capillary height concepts were applied 
to mathematically model the movement of water through infiltration-redistribution system. The accuracy and computational 
efficiency of the developed model were evaluated for the case study. Besides the laboratory scale sand/soil columns with the 
inner diameter of 10.4 cm were investigated in order to provide the supporting data for model calibration. Sand/soil layers 
were packed with a bulk density of 1.80 and 1.25 g/cm3, respectively. The infiltration was sprayed uniformly at the soil 
surface with the constant rate of 66.1 and 7.18 cm3/h for sand and soil columns, respectively. The redistribution process was 
developed by which water arriving at the column base enter to the sand/soil column due to capillary rise. The laboratory 
observations were simulated using the developed model. The results indicate that the developed model could well estimate 
the movement of water in the infiltration-redistribution system that observed in the case study and the experiments.  
Keywords: infiltration-redistribution system, numerical model, sand and soil column test, variably saturated soil conditions, 
water movement model. 
NOMENCLATURE
g        gravitational acceleration; cm h-2 
Ch       capillary height,   gRT wS /2 ; cm 
rwk      relative conductivity coefficient, 10  rwk ;  
           unitless 
SK      saturated hydraulic conductivity; cm h
-1  
rwS kK  relative hydraulic conductivity parameters; cm h
-1 
m       hydraulic properties coefficient; unitless 
M      specific moisture capacity,  	
  / ; cm-1  
n        hydraulic properties coefficient; unitless  
iN    stiffness functions in local coordinate of each  
           element e in a domain [0,L]; unitless 
jN      linear basis functions; unitless 
p        hydraulic properties coefficient; cm-1  
q        Darcy velocity; cm s-1 
R        curvature radius of the meniscus; cm 
t          time; hour 
ST        surface tension; g cm s
-2 
z          vertical direction (positive upward); cm 
w        water density; g cm
-3 

           volumetric water content; cm3 cm-3 
s
          saturated moisture contents; cm
3 cm-3 
r
          residual moisture contents; cm
3 cm-3 
	          pressure head; cm  
C	        hydraulic pressure head at the capillary height;  
             g cm s-2 
 tj	     nodal pressure head; cm 
top	       pressure head at the surface of column; cm 
subscribe  
kji ,,  number of nodes on the domain; unitless              
superscript  
ttt ,  previous and current time steps; unitless      
 





The movement of water in a natural soil starts from a soil 
surface and end at a groundwater reservoir. The flow 
process of water from soil surface into the soil is called 
infiltration. The redistribution process refers to the upward 
movement of saturated zone into the unsaturated soil due to 
surface tension. The estimation of movement of water 
through the infiltration-redistribution system is an important 
issue for water resource management (Dingman 1994; 
Wurbs and James 2001). Many studies attempt to describe 
the infiltration flow in the unsaturated zone (Bouwer 1978, 
Bear 1979, Freeze and Cherry 1979, Fetter 1992, Huyakorn 
et al. 1984, Paniconi et al. 1991, Warrick et al. 1991 and 
Ségol 1993). However, studies of flow in an infiltration-
redistribution system are rare. Therefore, the water 
movement model was developed as an alternative tool for 
predicting of water flow in the infiltration-redistribution 
system.  
 
Water movement in partially saturated soil is technically 
described using Richards’ equations (Richards 1931). Many 
numerical techniques were applied to solve Richards’ 
equations (Huyakorn and Pinder 1983; Sudicky and 
Huyakorn 1991) including the integrated finite difference 
(Narasimhan and Witherspoon 1976), the control volume 
finite element (Therrien and Sudicky 1996) and Galerkin’s 
finite element (Huyakorn et al. 1986; Šimnek and Suarez 
1994). Among these techniques, Galerkin’s finite element 
method was the most simply and effective way to solve 
Richards’ equation. Picard’s iteration technique could 
estimate the approximate solutions of Richards’ equation 
effectively (Paniconi et al. 1991; van Genuchten and 
Sudicky 1999). The hydraulic properties parameters 
contained in Richards’ equation were traditionally 
determined using van Genuchten model (van Genuchten et 
al. 1980; Kramer and Cullen 1995). The model development 
processes were described in this paper. The developed 
model was then calibrated using the data governed from the 
case study and the experiments. The calibration process was 
carried out to evaluate the model stability and reliability.  
 
2.  NUMERICAL MODEL DEVELOPMENT
2.1 Flow in unsaturated porous media 
The one-dimensional vertical flow in unsaturated soil 
conditions could be described using Richards’ equation as 
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Galerkin’s finite element method (weight residual method) 
was supported to the time and space discretisation of the 
pressure head functions. The approximate solution of 
pressure head was described as follows (Huyakorn and 
Pinder 1983; Huyakorn et al. 1984; Ségol 1993).  
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The numerical solutions Eq. (1) were simplified as an 
ordinary differential equation as follows (Paniconi et al. 
1991). 
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where 





































































These algebraic matrices presented in Eq. (3) were 
arranged with the linear Langrange basis functions. The 
solution of Richards’ equation was obtained using the 
single Picard iteration technique. The schematic of 
iteration process is given as (Ségol 1993): 
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2.2 Soil hydraulic properties function 
Richards’ equation contained the ideal parameters M and 
krw that could be estimated using van Genuchten (1980)’s 
hydraulic properties equations (Paniconi et al. 1991 and 
Fetter 1992). The equations are given as follows. 
  
    
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2.3 Static capillarity equilibrium  
 
The equilibrium of capillary force; C	  in soil porous 
media can be described using capillary height equation as 
follows (Fredlune & Rahardjo 1940). 
 
CwC gh	                                                                      (6) 
 
The most difficult application of theory was the 
representation of the typically wide variability in the 
conditions that determined the infiltration process. Due to 
the limited understanding of this variability and the 
paucity of the field data, the developed model was 
simplified. Soil is assumed to be homogeneous along an 
indefinite depth and the water table level is stagnant. 
Surface of capillary fringe or impermeable layer is in 










2.4 Water balance error 
 
Richards’ equation is the hyperbolic-parabolic partial 
differential equation and strongly non linearity. As 
Galerkin’s finite element technique was applied to treat the 
non-linearity of Richards equation, it could present the mass 
lumping in finite element approximation. The oscillations of 
simulation results often occurred near the infiltration fronts. 
In order to reduce these oscillations, the mass balanced error 
is introduced as follows. 
 
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Where MB(t+1) is the mass balance error at time step t+1. E 
is the number of element and L is the number of nodes in the 
finite-element mesh (L=E+1). zLzo qandq  are the 
boundary fluxes associated with Lzandz0 , respectively. 
Superscripts “n” and “n+1” refer to the previous and current 
iteration step, respectively. Subscript 0 refers to node at the 
datum and superscript 0 refers to the initial iteration steps. 
 
3.  MATERIALS AND METHODS 
The two soil samples utilized were medium grained sand 
and topsoil. Sand presented the uniform porous media 
whereas soil presented the non-uniform porous media. A 
sample of medium grained sand was prepared from a stock 
of river sand. The river sand sample was sieved with the 
particle size in range of 250-500 %m (micron). The topsoil 
sample was collected near the Building 4-Engineering at the 
University of Wollongong, NSW, Australia. It was kept air-
dried and then sieved to remove rocks and organic 
impurities. The particle size of soil was less than 2.00 mm. 
Random samples were selected according to the Australian 
Standards (AS Standards). The characteristics of sand and 
soil samples were provided in Table 1.  
 
Laboratory scale soil column set up is presented in Fig. 1. 
The column was fabricated from a plexi-glass tube of 6.9 
cm inside diameter. The length of the column was 30 cm 
(effective height 20 cm).  Jet fill tensiometer model 2100F 
moisture probes were used to measure negative pore 
pressure (suction head). The datum was defined at the base 
of the column (positive upward). Five tensiometers were 
inserted at depth 2.5, 6.5, 10.0, 14.0 and 17.5 cm above the 
datum. Rubber plugs were inserted into the observation 
ports to prevent leakage. The tensiometers were connected 
to a data logger model DT 500 DataTaker. A 10 volts DC 
transformer supplied power to the data logger. Two tests 
were conducted: hydraulic properties (HP) and infiltration-
redistribution column (CT) tests. The HP test was 
undertaken using the dynamic methods (Klute 1986). The 
column was initially packed with sand and soil samples. The 
packing depth was 5 cm. The bulk densities of sand and soil 
columns were controlled at 1.80 and 1.25 g/cm3, 
respectively. Time series data of pressure head was 
measured using a single tensiometer that was installed at the 
depth of 2.5 cm above the column base. Tap water was 
poured through the sand and soil column at the rates of 66.1 
and 7.18 cm3/h, respectively. The CT test was carried out by 
method modified from Yang et al. (2004).  The column 
was initially packed with dry sand and soil samples. Sand 
and soil columns were packed with bulk densities of 1.80 
and 1.25 g/cm3, respectively. The columns were placed 
into the water storage tank. The water level was located at 
the column base. The columns were brought to an 
equilibrium condition while tap water was applied to the 
surface of the sand and soil columns at the rates of 66.1 
and 7.18 cm3/h, respectively. The water contents for both 
of HP and CT tests were analysed using AS 1289.2.1.1-
1992. The details of these tests are provided in Table 2. 
 
 
Table 1 Characteristics of sand and soil samples
Parameters Values 
Sand Soil 
Particle size analysis 
   Sand (%) 
   Silt (%) 




Bulk density (g/cm3) 
Void ratio 

























Fig. 1. Column setup. 
















































































4.  RESULTS AND DISCUSSIONS
4.1 Model validation with reference case study 
The model was calibrated using the case study proposed by 
Paniconi et al. (1991). This study was demonstrated a test 
for the water movement through the infiltration and 
redistribution column. An initial condition was controlled by 
a static equilibrium of capillary force. The simulation 
parameters are provided in Table 3. The Nuemann and the 
dirichlet conditions were applied to the upper and lower 
boundary, respectively. The pressure head and moisture 
content profiles are presented in Figs. 2 and 3, respectively.  
 
The pressure head and moisture content profiles given in 
this reference case study presented the ideal vadose zone at 
which water table would stand at a given level. In general, 
the level of water table often changed seasons by seasons. 
The lowest portion of the column was a region that is 
saturated as a result of capillary rise. Besides, the water 
input events such as rainfall and storm could affect the 
infiltration rate. However, the rate of infiltration applied in 
the reference case study was constant. According to this 
ideal condition, it can be assumed that this column was 
operated with “no ponding” condition (Dingman 1994). The 
infiltration rate was less than or equal to infiltration 
capacity.  
 
At initial the column achieved the equilibrium of 
redistribution, the pressure head distribution was reduced 
linearly along the elevation regarding the capillary rise 
(Fredlune and Rahardjo 1940). On the other hand, the 
moisture content profiles did not presented the same trend 
line as the pressure head profile. The reason for this claim 
was the relation between volumetric moisture content and 
pressure head presented in van Genuchten model was non-
liner. So, the volumetric moisture content must be the 
average of several measurements. During the constant 
infiltration flux at surface, the pressure head at the column 
surface reduced constantly over time. The volumetric 
moisture content increased slightly over time, it was not 
constant. So too, this revealed that the capillary rise 
equation could be support to the pressure head profile 
simulation. 
 
The simulations obtained from the developed model were 
not distinguishable from the data governed from reference. 
This implies that the developed model was robust and 
reliable and it could effectively support the estimation of 
water movement in the infiltration-redistribution systems. 
The static capillarity equilibrium presented in Eq. (6) was a 
valid boundary that could be support the system very well. 
 
According to the pressure head simulation, the pressure 
distribution profile at initial revealed the steady-state of 
capillary rise. The water arrived at the surface due to 
capillary force; this can be called “redistribution”. When the 
constant water input rate applied on the soil surface, water 
could enter to the soil pore faster than the rate of draining. 
Some amounts of water were stored in soil pore, decreasing 
the suction pressure at the column surface. The decrease of 
suction pressure caused an increase in hydraulic 
conductivity. 










   n  
   m 
   p (1/m) 
Boundary conditions: 
   Upper (column surface) 
 
    Lower (column base) 
 




Nodal spacing ; z 
 
Time interval; t 










The specified Darcy’s 
flux; 64/tq   m/h. 
Constant pressure head; 
0	  m. 
Static equilibrium with 
capillary pressure head; 
 mC 19105548.0	  




As long as the hydraulic conductivity equaled the water 
feeding rate, the column surface would be fully saturated. 
Therefore, the inflow rate equals the rate of outflow from 
the soil column, so there was no further change in 
pressure head profiles. This case study could successively 
present the infiltration-redistribution system under the 
continuous water input rate, which described the early 
stages of infiltration. If water feeding was excess, it would 
accumulate on the surface as ponding. 
 
With regard to the moisture content profiles, they also 
showed the perfectly sharp wetting front at the column 
surface. When the surface layer became nearly saturated, 
the wetting front further moves downwards at depth of 3 
m at 32 hours. The shapes of moisture content and 
pressure head profiles were the same. 
 
4.2 Model validation with experimental data 
 
The hydraulic properties of these utilised media were 
fitted using van Genuchten's equations. The obtained 
water retention curves are presented in Fig. 4. The 
coefficients for the hydraulic properties of sand and soil 
are summarised in Table 4. The fully saturated 
permeabilities (Ks) of sand and soil samples were 6.47 and 
0.662 cm/h, respectively.  
 
The applied pressure head at the upper boundary condition 
of the simulation was estimated using the Green-Ampt 
(1911) equations (cited in Dingman 1994). The pressure 
heads at the wetting front for sand and soil samples were 
6.95±8.00 and -30.7±27.4 cmH2O, respectively. The 
observed pressure head of sand column was -5.0 cmH2O 
and the pressure head of soil column ranged from -17.5 to 
-10.0 cmH2O. The input parameters for water movement 
through an infiltration-redistribution system in sand and 
soil columns are given in Table 5.  
 
Firstly, the simulation was undertaken on sand infiltration-
redistribution column test. The pressure head profiles are 

































































































R2 =1.00  
dt=1 hour 
R2 = 1.00 
dt=2 hour 
R2 =1.00  
dt=4 hour 
R2 = 0.99 
dt=10 hour 
R2 = 1.00  
dt=32 hour 
R2 = 0.98  
simulation reference data  





























































































R2 = 1.00 
dt=1 hour 
R2 = 1.00 
dt=2 hour 
R2 = 1.00 
dt=4 hour 
R2 = 1.00 
dt=10 hour 
R2 = 1.00  
dt=32 hour 
R2 = 0.96  
simulation reference data  
 
Fig. 3. Simulation of moisture content profiles for Paniconi et al.’s test.







































(a) Sand (b) Soil 
 
Fig. 4. Hydraulic retention curves of sand (a) and soil samples (b). 
Table 4 Coefficients of sand and soil hydraulic 
properties

























Hydraulic properties  
Time domain 
 
No. of time step/ hour; 
nt
Nodal spacing; z 
20 cm 
Initial conditions refer to Eq (6) and 
the reading pressure head. 
Refer to Table 4 
3 hours (sand column) and 8 hours 
(soil column) 
Varies from 300-1200 (sand) and 800-
2400 (soil)  
0.25 cm  
 
Darcy velocities were -0.0015, -0.0023, -0.0029 and          
-0.0071 cm/h at 0.5, 1.0, 2.0 and 3.0 hours, respectively. 
The saturation zone moves downward due to the 
infiltration. The driest zone was appeared at the elevation 
of 14-17.5 cm during 1-3 hours testing. The driest zone 
disappeared, after hours continuous feeding. The 
pressure head of whole column was constant at –5.45 
cmH2O. The equilibrium of inflow-outflow was achieved 
if SK'	   (Dingman 1994). This could be assumed that 
the sand columns were close to the equilibrium within 4 
hours. The developed model generates a good fit to the 
observed data. The reliability of estimating result was 
very high as the range of R2 was 0.84-0.98. 
 
The volumetric moisture content profiles are presented in 
Fig. 6.  The simulation generated similar moisture 
content profiles to the laboratory data. Almost three 
quarters of columns were full of water that rose due to 
the capillary force. The driest point of sand column 
appeared at the elevation of 17.5 and 13.5 cm at 1.0 and 
2.0 hours, respectively. The shape of the moisture 
content profiles was the same as for the pressure head. 
The simulations generate the acceptable trend for 
moisture content profiles. However the R2 values were 
very low when the column nearly reached the 
equilibrium at 2 and 3 hours. This might be the limitation 
of the hydraulic properties model, as it cannot well 
capture the changing of volumetric moisture content at 
nearly saturated condition.  
 
Secondly, the model was applied to estimate the water 
movement in soil infiltration-redistribution system. The 
pressure head profiles are presented in Fig. 7. Water 
migrated slowly with Darcy’s velocities of -3.84x10-5, -
4.78x10-4, -6.84x10-4 and -9.67x10-4 cm/h at 2.0, 4.0, 6.0 
and 8.0 hours, respectively. The velocities increased non-
linearly over time. As expected, these velocities were 
lower than in sand column. Redistribution could pull the 
water through the soil quicker than the sand, due to the 
size of pores. The driest point on the column was 
observed at the elevation of 14-17.5 cm until 8 hours. 
The pressure head profiles slightly change. This might 
relate to the low permeability and high porosity of soil 
that could resist the infiltration. The pressure head on 
column surface; top	  was in the range of –10.25 to –
15.75 cmH2O. When Stop K(	 , it reveals that the soil 
columns did not achieve the equilibrium condition. The 
oscillation in simulations was omitted as the high R2 
were obtained. 
 
The moisture content profiles were provided in Fig. 8. 
The moisture content changed in a narrow range from 
0.38 to 0.42. The lowest moisture content was constant at 
0.38 and it was observed at the elevation of 18.0 cm. The 
simulation indicates the fair agreement with the 
observation data. The trend of moisture content profiles 
was similar to the pressure head profiles.  
 
The developed model could precisely estimate pressure 
head profiles in both media.  

































































































Time = 1.0 hour
R2 = 0.98
Time = 2.0 hour
R2 =0.90
Time = 3.0 hour
R2 = 0.98
Time = 4.0 hour
R2 = 0.84
V surface V surface
V surface V surface
 
Fig. 5. Pressure head profiles of sand column test.





























































































Time = 0.5 hour
R2 = 0.80
Time = 1.0 hour
R2 = 0.48
Time = 2.0 hour
R2 = 0.23
Time = 3.0 hour
R2 = 0.10
V surface V surface
V surface V surface
 
Fig. 6. Moisture content profiles of sand column test.





























































































T ime = 2.0 hour
R2 = 0.99
T ime = 4.0 hour
R2 = 0.99
Time = 6.0 hour
R2 = 0.99
T ime = 8.0 hour
R2 = 0.99
V surface V surface
V surface V surface
 
Fig. 7. Pressure head profiles of soil column test.

































































































Time = 2.0 hour
R2 = 0.60
Time = 4.0 hour
R2 = 0.68
Time = 6.0 hour
R2 = 0.85
Time = 8.0 hour
R2 = 0.90
V surface V surface
V surface V surface
 
Fig. 8. Moisture content profiles of soil column test. 
 
This might be the result of time varying boundary 
conditions applied as these conditions could be measure 
precisely using a series of tensiometers. The model 
developed in this research is effectively tool for 





Infiltration-redistribution was found to be the simplest 
natural system, especially in the drainage areas. Water 
movement through the infiltration-redistribution was 
very complicate system; there were upward and 
downward directed pressure gradients due to gravity 
drainage and capillary rise.   Richards’ equation was 
applied to determine the infiltration-redistribution 
unsaturated flow. The static equilibrium capillary 
equation was applied as initial and boundaries 
conditions. The developed model generates the accurate 
pressure head and moisture content profiles that could 
describe the flow pattern undertaken from the reviewed 
case study and the experiments.  
 
Since the ideal conditions were applied, the infiltration-
redistribution system was simplified. The simulation 
could describe the theoretical and practical the variable 
and behaviour of soil-water in natural process. Just 
before input water began, the pressure head was 
distributed due to the equilibrium of capillary rise. At an 
initial, feeding water began moving at the surface of 
column at a constant rate and continued at this specified 
rate for a considered time. Feeding water moved through 
the soil pore faster than the rate of drainage. The water 
was stored in the soil pores, this caused and increase of 
volumetric water content and hydraulic conductivity. So 
far, volumetric water content and hydraulic conductivity 
were continued to increase, until the rate of inflow equals 
to the rate of outflow, there was no further change in 
both pressure head and moisture content profiles.  After 
the column reached the equilibrium of inflow-outflow 
rate, the column surface would be saturated. If feeding 
water was continued to apply, the excess water could be 
accumulated on the surface of column as ponding. Both 
case study and experiments could successively validate 
the model, typically the early stage of infiltration in 
natural soil. Normally, the natural drainage field was 
designed to avoid ponding or runoff, so, this model 
might be applied to a simple natural drainage system.      
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